The Prader-Willi (PWS) and Angelman (AS) syndromes are two clinically distinct syndromes which result from lack of expression of imprinted genes within chromosome 15q11-q13. These two syndromes result from 15q11-q13 deletions, chromosome 15 uniparental disomy (UPD), imprinting centre mutations and, for AS, probable mutations in a single gene. The differential phenotype results from a paternal genetic deficiency in PWS patients and a maternal genetic deficiency in AS patients. Within 15q11-q13, four genes (SNRPN, IPW, ZNF127, FNZ127) and two expressed sequence tags (PAR1 and PAR5) have been found to be expressed only from the paternally inherited chromosome, and therefore all must be considered candidate genes involved in the pathogenesis of PWS. 
syndrome patients~4 Mb of DNA (Mutirangura et al., 1993) . The differential phenotypes result because the deletion is always on the The Prader-Willi (PWS) and Angelman (AS) syndromes paternally inherited chromosome in PWS patients (Nicholls are clinically distinct developmental and neurobehavioural et al., 1989a; Butler, 1990; Robinson et al., 1991; Mascari et al. , syndromes that result from the loss of imprinted gene expres-1992) , and always on the maternally inherited chromosome in sion within chromosome 15q11-q13. Prader-Willi patients AS patients (Knoll et al., 1989; Magenis et al., 1990 ; Williams exhibit neonatal hypotonia and failure to thrive; hyperphagia et al., 1990) . The molecular mechanism resulting in these which begins typically at 18-36 months of age resulting in deletions is not fully understood, but fluorescence in-situ severe obesity; mild mental retardation; hypogonadism; small hybridization (FISH) with yeast artificial chromosome (YAC) hands and feet; hypopigmentation; and a characteristic facies clones spanning both the proximal and distal breakpoints and behaviour (Holm et al., 1993) . AS patients have severe indicate that they are clustered (Mutirangura et al., 1993) . A mental retardation with either no or very little speech developmodel has been proposed based on the finding of low copy ment; a characteristic happy disposition; a movement disorder repeat elements in the proximity of the common breakpoints with ataxia; hyperactivity/sleep disorder; seizures; microby which intra-or inter-molecular recombination occurs during cephaly and hypopigmentation (Williams et al., 1995) . The meiosis, resulting in the common deletion identified in the frequency of occurrence for these syndromes has been reported vast majority of patients (Amos-Landgraff et al., 1994) . In to be about 1/10000 to 1/25000 for PWS (Holm, 1981; Butler, addition, Christian et al. (1995) have shown that 44% of PWS 1990) and 1/20 000 for AS (Clayton-Smith et al., 1993) .
and AS patients are deleted for the D15S541 and D15S542 About 70-75% of both PWS and AS patients have an microsatellite markers located in the proximal chromosome interstitial deletion of chromosome 15 from bands q11-q13 breakage region, while the remainder of patients are not, (Figure 1 ; Knoll et al., 1989; Nicholls et al., 1989a; indicating that there are at least two different sites of chromosome breakage at the centromeric end. 1990; Magenis et al., 1990; Robinson et al., 1991; Mascari PWS deletion and UPD patients inherit only a maternal contribution of 15q11-q13 and AS deletion and UPD patients inherit only a paternal contribution of 15q11-q13, indicating that the inheritance of both maternal and paternal genetic material from this region is essential for normal development. Unlike Mendelian genes which are expressed equally from both the maternally and paternally inherited chromosomes, human chromosome 15q11-q13 must therefore contain genes which are not equally expressed from both parental chromosomes. These genes, referred to as imprinted genes, must be modified differentially during female and male gametogenesis resulting in expression of only the maternally or paternally inherited allele in the embryo and adult. Therefore the PWS phenotype results from loss of expression of paternal-only expressing gene(s) within 15q11-q13 and AS results from loss of maternal-only expressing gene(s) within 15q11-q13.
Recently, an additional molecular class of both PWS and AS patients has been identified as having biparental inheritance with uniparental DNA methylation throughout 15q11-q13 (Glenn et al., 1993a; Reis et al., 1994; Sutcliffe et al., 1994 ; Buiting et al., 1995; Dittrich et al., 1996; Saitoh et al., 1996, (PWS) syndrome patients from the University of Florida repository. The number of patients analysed for AS was 76 and for PWS was 1997). The majority, but not all, of these patients, have 52 (Driscoll et al., unpublished data) . Similar percentages were inherited small microdeletions in a region of 15q11-q13 which obtained by other investigators (Knoll et al., 1990; Magenis et al., has been termed the imprinting centre (IC) (Buiting et al., 1990; Robinson et al., 1991; Mascari et al., 1992; Chan et al., 1995; Dittrich et al., 1996; Saitoh et al., 1996 Saitoh et al., , 1997 . These 1993; Zackowski et al., 1993; Saitoh et al., 1994; Gillessen- IC microdeletions occur between the D15S63 locus, which Kaesbach et al., 1995) . The paternal and maternal chromosomes are indicated by P and M respectively. The M(P) indicates that a detects a parent-of-origin DNA methylation imprint (Dittrich mutation in the imprinting centre (IC) causes the maternally et al., 1992) , and the SNRPN gene, which is both functionally inherited chromosome to have a paternal epigenotype, and the P(M) imprinted and detects a DNA methylation imprint (Sutcliffe indicates that the IC mutation causes the paternally inherited Glenn et al., 1996) . There have currently been chromosome to have a maternal epigenotype.
seven PWS patients and six AS patients reported having microdeletions in the IC (Buiting et al., 1995; Uniparental disomy (UPD), in which both chromosomes 15 1996; T.Ohta and R.D.Nicholls, unpublished data). As are inherited from a single parent, with no contribution from expected, the PWS microdeletions are on the paternally the other parent, also occurs in both of these syndromes.
inherited chromosome and the AS microdeletions are on the Again, the difference in the phenotype results because the maternally inherited chromosome. The identification of an IC UPD is always maternal in PWS (Nicholls et al., 1989b;  within 15q11-q13 is a novel finding in human genetics, and it Robinson et al., 1991; Mascari et al., 1992) and paternal in remains to be determined if ICs exist at other regions of the AS (Malcolm et al., 1991; Nicholls et al., 1992) . Maternal genome that contains imprinted genes. This class of patients UPD is found in about 24% of PWS patients, but paternal will be discussed further in a later section. UPD is found in only 2-5% of AS patients (Figure 1 ; Driscoll, About 15-25% of AS patients have been found to have 1994). The deficit of paternal versus maternal UPD has been biparental inheritance and biparental DNA methylation proposed to be due to the lower rate of meiotic nondisjunction imprints of chromosome 15, and it has been postulated that in males as compared to females. In 27 PWS maternal UPD these patients have mutations in a single gene within 15q11-patients, Ͼ82% of the extra chromosome 15s were due to q13 which results in the classical phenotype (Driscoll, 1994; meiosis I nondisjunction (Robinson et al., 1993) . In contrast Nicholls, 1994) . In fitting with the previously described (in a smaller sample size of five patients), most paternal UPD molecular classes, it would be predicted that these mutations appeared to result from post-zygotic origin (Robinson et al., would be present on the maternally inherited allele, with the 1993). One mechanism leading to UPD has been demonstrated paternally inherited allele being transcriptionally silent as a with maternal non-disjunction resulting in a trisomy 15 concepnormal consequence of imprinting. In contrast to AS, no tion identified by chorionic villous sampling (Cassidy et al., classical PWS patients have been found yet to have biparental 1992; Purvis-Smith et al., 1992) . Later amniocentesis showed inheritance and biparental DNA methylation throughout the presence of only two chromosome 15s. PWS was diagnosed 15q11-q13, and it is therefore thought that the PWS phenotype postnatally, indicating that the lethal trisomy 15 condition was results from loss of more than one paternal-only expressing avoided by somatic cells of the developing fetus selecting for gene within 15q11-q13 (Glenn et al., 1993b) . The identification retention of only two chromosome 15s, but both by chance of of at least four genes and two expressed sequence tags within maternal origin. Molecular studies should be performed in this region being expressed from only the paternally inherited similar instances as one of three occurrences of a trisomy 15 conception with reduction to disomy could result in UPD.
chromosome is consistent with this hypothesis (see below). In summary, there are three main molecular classes of PWS: paternal 15q11-q13 deletions, maternal UPD, and paternal IC microdeletions; and there are four main molecular classes of AS: maternal 15q11-q13 deletions, paternal UPD, maternal IC deletions and maternally inherited mutations in the AS gene ( Figure 1 ).
Imprinted genes within 15q11-q13
There are currently fewer than 20 imprinted genes which have been identified in mice and humans, and it has been postulated that there will be fewer than 200 imprinted genes in the entire mammalian genome (Ohlsson et al., 1994) . Of the currently identified imprinted genes, four are within human 15q11-q13 (SNRPN, IPW, ZNF127/FNZ127) and three mouse homologues have been identified within the syntenic region of central chromosome 7 (Snrpn, Znf127/Fnz127). All of these genes have been shown to be expressed from the paternally inherited chromosome only in both mouse and humans (Cattanach et al., 1992; Leff et al., 1992; Glenn et al., 1993b; Nakao et al., 1994; Reed and Leff, 1994; Wevrick et al., 1994; J.Jones et al., submitted; M.T.C.Jong et al., submitted) . In addition, two expressed sequence tags (ESTs; PAR1 and PAR5) within 15q11-q13, which are only expressed from the paternally inherited chromosome, have also been identified in humans . These paternal only expressing loci are discussed individually below and their positions on proximal chromosome 15 are shown in Figure 2 . Note that the distance Jong et al., 1996a) , and SNRPN (Glenn et al., 1993b;  additional imprinted genes may be within this interval which Nakao et al., 1994; Reed and Leff, 1994; Sutcliffe et al., 1994;  have currently not been identified. Glenn et al., 1996) and PW71 (Dittrich et al., 1992; Dittrich et al., 1996) chromosome 7 was syntenic to human chromosome 15q11-q13 (Nicholls, 1989; Nicholls et al., 1991 Nicholls et al., , 1993 Chaillet et al., 1991; Wagstaff et al., 1991) , thus genes mapping to this region sion studies in the rodent led investigators to postulate that SmN functioned as a neuronal specific splicing factor, perhaps could be involved in the pathogenesis of PWS or AS. To determine if Snrpn was imprinted, RNase protection assays involved in brain specific splicing, as it was found to be expressed at highest levels in the postnatal brain, less so in were performed on RNA derived from inter-specific mouse crosses and SNRPN was shown to be expressed from the the heart, and not detectable in other tissues examined (McAllister et al., 1988; Li et al., 1989; McAllister et al. , paternally inherited allele only . In addition, Cattanach et al. (1992) demonstrated that mice having maternal 1989; Schmauss et al., 1989; Schmauss and Lerner 1990; Sharp et al., 1990) . The highly related SmB splicing factor UPD of central chromosome 7 did not express the Snrpn gene and died shortly after birth, suggesting a critical role of Snrpn encoded by a separate gene on another chromosome is ubiquitously expressed except in the postnatal brain, where SmN or other paternally expressed genes in mouse development and a potential mouse model for PWS.
replaces SmB, indicating that SmN is likely to act as a general splicing factor in the brain. The small nuclear ribonucleoprotein N (Snrpn) gene is one of a gene family encoding proteins found in the spliceosome Subsequent expression experiments in the mouse using the more sensitive technique of reverse transcription-polymerase and involved in splicing of pre-mRNA (reviewed in Luhrmann et al., 1990; Guthrie, 1991) . Although small nuclear ribonucleochain reaction (RT-PCR) revealed that Snrpn is also expressed in lung, liver, spleen, kidney, testis, and ovary (Barr et al., proteins (snRNPs) have been found to specifically interact with pre-mRNA, the exact function of individual snRNPs, 1995). In addition, neuronal specific splicing of RNAs encoding several different classes of proteins has been demonstrated in including the SmN polypeptide encoded by Snrpn, are poorly understood (Ö zçelik et al., 1992) . Initial northern blot expresmice lacking Snrpn expression (Huntriss et al., 1994) , indicat-ing that the SmN polypeptide is not involved in neuronal non-translated RNAs, H19 (Brannen et al., 1990; Bartolemei et al., 1991; Hao et al., 1993) 
Human SNRPN
Xist in the process of X-inactivation, Wevrick et al. (1994) postulated that IPW might function in the regulation of The human homologue of the mouse Snrpn gene maps within the PWS/AS region of chromosome 15q11-q13 (Ö zçelik et al., imprinting within 15q11-q13. However, since mutations in the imprinting process do not map to this location (Buiting et al., 1992) . To test whether the human SNRPN gene was also imprinted, Glenn et al. (1993b) performed RT-PCR on RNA 1995; Saitoh et al., 1997) , the functional role of IPW is presently not understood. extracted from cultured skin fibroblasts and lymphoblasts of PWS patients (maternal allele only), AS patients (paternal Recent studies of two, rare, balanced translocation patients (Schulze et al., 1996; J.M.Conroy et al., submitted) suggest allele only) and normal controls (biparental). PWS patient samples yielded no SNRPN RT-PCR product, while AS and that IPW, or a gene close by, may contribute to some PWS features, although data in a third case (Sun et al., 1996) normal control samples did, indicating that the human SNRPN gene is expressed only from the paternally inherited allele.
suggests that the SNRPN locus itself may be sufficient to cause PWS. This ambiguity may result from these studies not being This finding has been confirmed by using additional PWS and AS patient samples (Nakao et al., 1994; Sutcliffe et al., 1994;  performed on relevant tissues such as the central nervous system (CNS), or that position effects may be altering gene Glenn et al., 1996) , as well as in normal fetal brain and heart by utilizing an expressed polymorphism in the 5Ј untranslated expression in the regions near the translocation breakpoints. region of SNRPN to demonstrate paternal only expression by Human PAR1 and PAR5 an RNase protection assay (Reed and . Similar to the later expression studies in rodents, it was determined that Sutcliffe et al. (1994) identified two expressed sequence tags (ESTs), PAR1 and PAR5, within 15q11-q13 close to SNRPN, the SNRPN gene is expressed at highest levels in the brain, but with significant expression in all other somatic tissues which were shown to be expressed only from the paternally inherited chromosome. These ESTs map within 250 kb distal examined Glenn et al., 1996) . A multiple brain section Northern blot analysis revealed that all regions to the SNRPN gene with PAR5 mapping close to the 3Ј end of SNRPN (Saitoh et al., 1997; S.Saitoh et al. , unpublished of the brain tested expressed SNRPN at high and roughly equivalent levels, including the hypothalamus (Glenn et al., data) and PAR1 distal to IPW (Saitoh et al., 1997) . PAR1 and PAR5 contain no apparent open reading frame and the entire 1996).
At the time imprinted expression was reported for mouse gene structures were not determined . PAR1 is expressed at very low levels and is detected only as Snrpn (Cattanach et al., 1992; Leff et al., 1992) and the human homologue mapped to 15q11-q13 (Ö zçelik et al., 1992) , the a smear on Northern blots , and may represent a read through transcript from the highly expressed published human SNRPN gene structure was shown to have 8 exons with an open reading frame beginning in the second IPW gene. This may also be true of the PAR5 transcript from the SNRPN gene (Buiting et al., 1997; R.D.Nicholls, exon and a putative promoter upstream of exon 1 (Schmauss et al., 1992) . The possibility of a promoter in this region is submitted). now doubtful (Glenn et al., 1996) . Subsequent studies have Human and mouse ZNF127/FNZ127 identified two additional exons 5Ј to those previously described Glenn et al., 1996) , indicating that the In 1992, Driscoll et al. described the first DNA methylation imprint within 15q11-q13 which distinguishes the maternally complete gene has 10 exons extending over 30 kb of genomic DNA. The most 5Ј exon of SNRPN is located in a CpG island inherited allele from the paternally inherited allele at the D15S9 locus, detected by the DN34 cDNA. Subsequent studies (Glenn et al., 1996) , which is a common finding in~60% of currently identified genes, as well as most housekeeping genes have revealed that this complex locus encodes two overlapping antisense transcripts, the ZNF127 and FNZ127 genes (Gardiner-Garden and Frommer, 1987; Larsen et al., 1992; Antequera and Bird, 1993 (Glenn et al., 1996 ; T.A.Gray, S.Saitoh, J.M.Gabriel and R.D.Nicholls, unpublished data) in addition
The complete gene structure of human FNZ127 has not yet been determined, but the overlapping arrangement of Znf127 to the open reading frame from exons 4 to 10 (previous exons 2 to 8; Schmauss et al., 1992) .
and Fnz127 is conserved in the mouse (J.Jones et al., submitted; M.T.C.Jong et al., submitted). The human ZNF127/FNZ127 Human IPW genes map proximally in the 4 Mb 15q11-q13, region~1-1.5 Mb centromeric from the cluster of imprinted loci SNRPN, Wevrick et al. (1994) identified another paternal only expressing gene, IPW,~250 kb distal to the SNRPN gene and PAR5, IPW and PAR1. The human ZNF127 gene is functionally imprinted, as it is in between the PAR5 and PAR1 ESTs (see below; Wevrick et al., 1994; Saitoh et al., 1997 15q11-q13 (see Figure 1) . This hypothesis is supported by the A.Carey, R.D.Nicholls, M.T.C.Jong and C.Stewart, unpubfact that~15-25% of AS patients have no large 15q11-q13 lished data), suggesting a role for ZNF127 in brain function.
deletions or chromosome 15 UPD. A few rare AS (Saitoh ZNF127 is one of a small family of related genes in mammals, et al., 1992) and non AS patients (Michaelis et al., 1995) have most of which are intronless, but with one putative precursor been described with either smaller than the typical 4 Mb gene which contains at least one intron (Nicholls et al., 1993;  deletions within 15q11-q13 or unbalanced translocations T.A.Gray, M.T.C.Jong and R.D.Nicholls, unpublished data).
involving proximal chromosome 15 (Burke et al., 1996) . These Several intronless gene members are expressed, and evolutionrare patients indicate that the putative AS gene lies in the ary analyses suggest that these genes are functional, as is the~2 50 kb interval between the D15S174 and D15S10 (3-21) loci. imprinted homologue, while others are inactive pseudogenes.
More specifically, a Japanese family having an interstitial Although the function of the ZNF127 gene and related gene deletion from D15S174 through the GABRB3 loci causing family members are not known, the imprinted gene is also classical AS has been described by Saitoh et al. (1992) , highly expressed in testis in both human and mouse, including
indicating would include the AS gene. Further evidence that the AS By utilizing a short hexanucleotide variable number of tandem critical region lies proximal to D15S10 is that the proximal repeats (VNTR) between strains 129/Rl and Mus spretus, breakpoint in the non-AS patient with a maternal deletion paternal only expression of Znf127 has been shown in brain, described by Michaelis et al. (1995) lies just distal to D15S10 heart and kidney. Interestingly, Znf127 shows biallelic expres-(F.Z.Boyar, A.C.Lossie and D.J.Driscoll, unpublished data). sion in liver and spleen (J.Jones et al., submitted; M.T.C.Jong Two recent reports (Kishino et al., 1997; Matsuura et al., et al., submitted) . Similar tissue-specific imprinted expression 1997) provide strong evidence that mutations in the UBE3A is also seen in the imprinted mouse Igf2 gene (DeChiara et al., gene can cause AS. This gene lies within the narrowed critical 1991) and the Mas protooncogene (Villar and Pedersen, 1994) . region for AS (Burke et al., 1996) , and belongs to a class In addition, paternal only expression of Znf127 has been shown of functionally related ubiquitin-protein ligases. The protein in the preimplantation embryo (J. Jones et al., submitted), product of the UBE3A gene catalyses the transfer of ubiquitin unlike two other imprinted genes, Igf2 and Igf2r, in which to target substrates (Scheffner et al., 1995) and, therebiallelic expression is observed at this stage (Latham et al., fore, probably functions in ubiquitin-mediated proteolysis 1994). (Ciechanover, 1994) . How mutations in the maternally inherited Intriguingly, the mouse antisense gene, Fnz127, is also UBE3A gene cause AS and whether mutations in UBE3A can imprinted and expressed only from the paternal allele during account for all of the AS patients in the 'biparental class' (see mouse development, but overall imprinted expression is more Figure 1) remains to be determined. It is interesting to note widespread within the embryo when compared with Znf127 that UBE3A was not found to be imprinted in skin fibroblasts (J. Jones et al., submitted) . Perhaps most striking, however, is and lymphoblasts (Nakao et al., 1994) . It is probable that this that Fnz127 is not expressed in the brain and other tissues gene exhibits tissue specific imprinted expression and may expressing high levels of Znf127, but is expressed in a different only be imprinted in key tissues such as certain regions of spatial and temporal pattern. Fnz127 does show tissue-specific the brain. imprinting, such that imprinting does not occur in the yolk sac, and expression in the gut switches from imprinted in early DNA methylation and imprinted gene expression embryogenesis to non-imprinted in later development (J.Jones et al., submitted) . It is currently unknown how the differential While the mechanisms of imprinted gene expression are not fully understood, it is clear that DNA methylation is involved, patterns of expression and imprinting for the Znf127 and as every imprinted gene which has been studied extensively Igf2r, which is only expressed from the maternally inherited chromosome, shows extensive DNA methylation on the contains a parent-of-origin DNA methylation imprint (reviewed in Razin and Cedar, 1994) . DNA methylation in mammals is an repressed allele in the promoter region, while those same sites are unmethylated on the expressed allele (Stöger et al., 1993) . epigenetic modification of nuclear DNA at CpG dinucleotides.
DNA methylation patterns are stably inherited in somatic cells
This site is not differentially methylated in gametes from each sex; however, in intron 2, 27 kb downstream of the promoter, due to the function of the DNA methyltransferase enzyme, which performs maintenance DNA methylation at hemimethylthere is a CpG island which is methylated solely on the expressed maternal allele. This DNA methylation imprint is ated CpG sites that occur after DNA replication (Bestor, 1993) . The functional role of DNA methylation has historically been present in the female gamete, whereas sperm are unmethylated, and hence this site may represent the gametic methylation associated with repression of gene expression (Cedar, 1988) . DNA methylation has been shown to be involved in the imprint (Stöger et al., 1993) . While these epigenetic similarities are unique to the two maintenance of X-inactivation for housekeeping genes on the inactive X-chromosome in mammals (reviewed in Migeon, imprinted genes, human SNRPN and mouse Igf2r, it is presently not clear if these similarities are widespread mechanisms of 1994), and has also been shown to change the conformation of DNA, affecting the formation of active chromatin (Keshet imprinted gene expression. It should be noted that the human homologue of Igf2r may not be functionally imprinted et al., 1986) . For these reasons, it has become widely predicted that DNA methylation would be intricately involved in (Kalscheur et al., 1993; Ogawa et al., 1993) , and is therefore the only imprinted gene thus far not to share conserved imprinted gene expression, but whether it functions to cause imprinted expression or is a means of locking in the imprinted imprinted expression between mouse and humans. Although it is expressed biparentally, the human homologue apparently state is not understood.
With respect to imprinting, two different types of DNA maintains the maternal specific DNA methylation imprint within intron 2 (Smrzka et al., 1995) . The promoter regions methylation patterns have been observed in somatic cells: (i) sites that are inherited as gametic methylation imprints; and of both parental alleles remain unmethylated, unlike the mouse homologue which is methylated on the repressed paternal (ii) sites of differential methylation that are established after fertilization during early embryogenesis. The inherited methylallele. Stöger et al. (1993) have proposed a model for imprinted ation imprints may function to 'mark' an allele such that the cell recognizes that allele as either maternal or paternal, and expression of the mouse Igf2r gene based on their findings. They postulate that the initial gametic DNA methylation hence set the course for imprinted gene expression during development and in the adult. The non-inherited methylation imprint is in the body of the gene, which then functions during early embryonic development to block the binding of a imprints probably function either to cause imprinted gene expression or at least lock in imprinted expression, similar to repressor molecule on the maternal allele. The repressor is able to bind to the unmethylated paternal allele, causing a the role in maintenance of X-inactivation.
Two regions of the SNRPN gene have been identified that change in chromatin conformation, with subsequent methylation of the promoter resulting in transcriptional silencing of contain a DNA methylation imprint which distinguish the paternal from the maternal alleles (Glenn et al., 1993b , the paternal allele. The mouse H19 gene, which is only expressed from the 1996; Sutcliffe et al., 1994) . The putative promoter region is extensively methylated on the repressed maternal allele (PWS maternally inherited allele, also contains both inherited and post-zygotic DNA methylation imprints. In adult somatic cells patients), while those same sites are unmethylated on the expressed paternal allele (AS patients; Sutcliffe et al., 1994;  the entire gene body and 4-6 kb 5Ј of the transcription start site are methylated on the repressed paternal allele, while those Glenn et al., 1996) . Intron 7 (renumbered from intron 5), in the body of the gene, has preferential DNA methylation on same sites are unmethylated on the expressed maternal allele (Bartolemei et al., 1993; Ferguson-Smith et al., 1993) . Howthe expressed paternal allele (AS patients; Glenn et al., 1993b Glenn et al., , 1996 , which distinguishes AS from PWS and normal control ever, only those sites which are 5Ј of the transcription start site are methylated throughout development and are present peripheral blood leukocyte DNA samples. This imprint is most striking in adult testes and sperm, which are completely in the male gametes (Tremblay et al., 1995) . Thus, these DNA methylation imprints present in human SNRPN, mouse Igf2r methylated, indicating that paternal methylation in the body of the gene is established in the male gamete. In contrast, fetal and H19 genes in the germ line may function as the parent specific mark identified by the cell to establish imprinted oocytes appear to be unmethylated at those same times (Glenn et al., 1996) . Therefore, this site may reflect an inherited expression in the developing embryo. The ZNF127 gene is methylated in the body of the gene on imprint, as the gametic methylation differences clearly carry information demarcating parental alleles in the embryo. Interesthe repressed maternal allele, but has sites flanking on both sides which are partially unmethylated in peripheral blood tingly, AS brain DNA is also completely methylated at this site, similar to testes and spermatozoa, perhaps indicating that leukocytes. The paternal alleles at these same sites are unmethylated or partially unmethylated in a large fraction of the DNA methylation imprint in the CNS is regulated more tightly than in peripheral blood leukocytes. This may be a these same cells (Driscoll et al., 1992) . However, the paternal ZNF127 allele (CpG island and gene body) is completely significant finding given that AS and PWS are primarily neurobehavioural disorders. unmethylated in some cell types of the AS brain, while analysis of normal brain DNA suggests the maternal allele is almost Similar to the findings for the human SNRPN gene, mouse (Dittrich et al., 1993; Glenn et al., 1993a; Sutcliffe et al., 1994; Buiting et al., 1995; Glenn et al., 1996; Dittrich et al., 1996; Rasmussen and Driscoll, unpublished data) . The SNRPN intron 7 imprint is present in the germ line (Glenn et al., 1996) . The 10 exons of the SNRPN gene and 3 exons of the imprinting centre (IC) transcript are shown as stippled rectangles. The CpG island of the SNRPN gene is the only locus which is 100% differentially methylated in all tissues thus far tested, other loci show variable degrees of heterogeneous methylation. (b) DNA methylation imprints in the ZNF127 gene. Exons are not indicated because the ZNF127 gene is intronless, with the imprints found in the single exon and CpG island of ZNF127 (Driscoll et al., 1992; M.T.C.Jong et al., submitted) . Dark rectangles indicate sites of DNA methylation and open rectangles indicate sites that lack DNA methylation. The size of the rectangles roughly indicates the number of CpG dinucleotides which have been shown to have differential methylation. The PW71 probe detects one HpaII and one HhaI site (Dittrich et al., 1992; Dittrich et al., 1996) , the Y48.5 probe detects two HpaII sites (Buiting et al., 1995) , the RN4RR probe detects one HpaII site (Gabriel et al., 1994; S.Rasmussen and D.J.Driscoll, unpublished data) , the SNRPN exon 1 probe detects 19 methyl sensitive sites (Glenn et al., 1996) , the SNRPN intron 7 probe detects one HpaII and one HhaI sites (Glenn et al., 1993b) and the ZNF127 probe detects nine HpaII and seven HhaI sites (Driscoll et al., 1992 ; M.T.C.Jong et al., submitted). The paternal (P) and maternal (M) alleles are indicated.
completely methylated, indicating that the DNA methylation fore, the 160 kb region from the PW71 locus to the body of the SNRPN gene demonstrates a complex DNA methylation imprint is more evident in the CNS than in peripheral blood leukocytes (M.T.C. Jong et al., submitted) . Similar to sites in imprint with the maternal allele being methylated at PW71, methylated at RN4RR, unmethylated at Y48.5, methylated in the body of the SNRPN gene, the ZNF127 CpG island and gene body is completely unmethylated in spermatocytes and the SNRPN CpG island, and unmethylated in the body of SNRPN. The opposite is found on the paternally inherited spermatozoa, whereas fetal oocytes are methylated, suggesting that DNA methylation imprints in the CpG island and gene allele (Figure 3 ). These patterns of methylation imprints are likely to reflect both those that control gene expression in body are established in the germ cells (Figure 3 ; M.T.C.Jong et al., submitted). Consistent with this interpretation, it has been somatic cells as well as sites of gametic methylation imprints. The expressed paternal allele of Igf2 has sites 3 kb upstream demonstrated that the mouse Znf127 gene exhibits imprinted expression in the preimplantation embryo (see above; J.Jones of the promoter which are methylated, while those same sites are unmethylated on the repressed maternally inherited allele et al., submitted).
The PW71 probe at the D15S63 locus detects maternal (Sasaki et al., 1992; Brandies et al., 1993) . Imprinting of H19, p57kip2 and Igf2/IGF2 has been reviewed recently specific methylation and paternal lack of methylation at one HpaII and one HhaI site (Dittrich et al., 1992) and is part of (Ward, 1997). provided conclusive evidence for the link the IC (see below; Buiting et al., 1995) . Two probes between the PW71 locus and the SNRPN promoter also detect DNA between imprinted gene expression in somatic cells and DNA methylation by showing that a knockout of the DNA methylmethylation imprints which distinguish the parental alleles. The Y48.5 probe detects two HpaII sites which are methylated transferase gene causes disruption of imprinted gene expression of H19, Igf2 and Igf2r. Mice having the methyltransferase on the paternal allele (AS patients), and unmethylated on the maternal allele (PWS patients; Buiting et al., 1995) . Another deficiency have an early embryonic lethal phenotype, indicating an essential role of this enzyme in normal embryonic developprobe, positioned between PW71 and SNRPN, RN4RR, detects a HpaII site that is methylated on the maternal chromosome ment. DNA methyltransferase is an enzyme that transfers the methyl group from S-adenosyl methionine to the cytosine and unmethylated on the paternal chromosome (Gabriel et al., 1994; S.Rasmussen and D.J.Driscoll, unpublished data) . Therenucleotide within a hemimethylated CpG dinucleotide (Gruen-baum et al., 1982; Bestor and Ingram, 1983) . Homozygous asynchronously, with the paternally inherited alleles generally replicating earlier in S phase than the maternal alleles (Kitsberg deficiency for the methyltransferase mutation causes the H19 gene to be expressed from both chromosomes, while expression et al., 1993; Knoll et al., 1994; LaSalle and Lalande, 1995; Smrzka et al., 1995) . These experiments suggest that clusters of both Igf2 and Igf2r were repressed on both parental alleles . This result is consistent with the hypothesis of imprinted genes exist in domains which may be under regional control. However, the domains showing asynchronous that DNA methylation may function differently dependent upon the imprinted gene and the site of DNA methylation.
replication extend into regions containing non-imprinted genes. Although the significance of this finding is not presently Loss of DNA methylation on the normally repressed H19 allele allows expression, while loss of methylation upstream understood, DNA methylation imprints at the gene level and clustering of imprinted genes into asynchronously replicating of the paternal Igf2 and in the body of maternal Igf2r genes results in repression of the normally active alleles.
domains are to date the only consistent findings common to all known autosomal imprinted genes. Within chromosome 15q11-q13 there are at least four genes
DNA methylation in diagnosis of PWS and AS
and two ESTs in a 1.5 Mb region which have been shown to be expressed from the paternal allele only. No maternal only Although the functional role of DNA methylation in imprinted expressing gene has yet been identified, but mutations in the gene expression is not fully understood, DNA methylation UBE3A gene have been demonstrated in a few AS patients does distinguish the maternal and paternal alleles at several (Kishino et al., 1997; Matsuura et al., 1997) . It is interesting loci within 15q11-q13, making it a valuable molecular tool to speculate that the early replicating paternal chromosomal for the diagnosis of PWS and AS. As described above, DNA region supports expression of multiple genes while the later methylation imprints have been identified at ZNF127 ( et al., 1992) , SNRPN (Glenn et al., 1993a (Glenn et al., , 1996 It has recently been reported that the 15q11-q13 imprinted et al., 1994) and other loci within 15q11-q13 (Figure 3) . By region is involved in homologous pairing during late S phase digesting DNA extracted from peripheral blood leukocytes (LaSalle and Lalande, 1996) . Markers within this region were with methyl-sensitive restriction enzymes, PWS, AS and shown to be closely associated in the nucleus in a high normal control samples can be distinguished at each of these percentage of normal cells in late S phase when compared to loci based on parent specific differences in DNA methylation.
markers on other chromosomes in lymphocytes, although this Because (i) parental DNA samples are not needed, (ii) interassociation was not observed in PWS and AS deletion and pretation of results is straightforward (particularly for 5Ј UPD skin fibroblast cells. However, it is not known if this SNRPN), and (iii) a single test detects virtually all cases of phenomenon and replication timing are involved in the regula-PWS, and all but the biparental/single gene mutation class of tion of imprinted gene expression, or are perhaps merely AS, DNA methylation is the single most powerful diagnostic consequences of the process of imprinting. tool for these two syndromes (Driscoll et al., 1992; Glenn et al., 1996) . Although any of the loci within 15q11-q13 can be used for molecular diagnosis, the best locus to use is the Evidence for an imprinting centre within exon 1 probe from the 5Ј CpG island region of the SNRPN 15q11-q13 gene. Using this probe, 19 CpG dinucleotides within 1.6 kb The most recently described molecular class of PWS and AS have been shown to be completely methylated on the repressed patients are referred to as imprinting mutation patients. In maternal allele, while those same sites are unmethylated on 1993, this class of patients was postulated based on the the paternal allele. This methylation pattern is maintained in observation of two AS siblings having uniparental DNA all tissues which we have been able to examine, which in methylation imprints within 15q11-q13, even though no delecontrast to the other loci which detect a parent of origin DNA tion or UPD could be detected. These patients were at the methylation imprint (Glenn et al., 1996) . time unique in that they had paternal only DNA methylation imprints at both ZNF127 and PW71, but showed biparental
Asynchronous DNA replication of imprinted
inheritance of all informative loci tested throughout 15q11-gene domains q13 (Glenn et al., 1993a) . Because of changes observed in DNA methylation in these two AS siblings, it was proposed In addition to cis modification of imprinted genes by DNA methylation, imprinted expression may also be under the that these patients had the AS phenotype because of a mutation in the imprinting process rather than a 15q11-q13 deletion or control of regional regulatory mechanisms. This type of control is suggested based on experiments which examined the timing UPD. This hypothesis was later supported when several AS and PWS patients were found to have similar findings at PW71 of replication during the cell cycle in regions known to contain imprinted genes. In most of the genome, the paternal and and SNRPN (Reis et al., 1994) . One family had a partial SNRPN deletion (Reis et al., 1994; Sutcliffe et al., 1994 ) maternal homologues replicate synchronously during S phase of the cell cycle (Latt, 1973; Dutrillaux et al., 1976 ; Drouin which led to the finding that the majority of these AS and PWS patients, including the original two AS siblings, have et al., 1990) . However, the mouse and human H19/Igf2, mouse and human Igf2r, and human chromosome 15q11-q13 and the inherited small microdeletions (small relative to the commonly occurring 4 Mb deletion, ranging from 6-200 kb) in a region mouse syntenic region have all been demonstrated to replicate (Buiting et al., 1995; Saitoh et al., 1996) . The D15S63 (PW71) locus and the SNRPN exons are shown in the IC expansion to illustrate the extent of larger microdeletions. The AS IC microdeletions cluster farther upstream of the SNRPN gene, while the PWS IC microdeletions extend into the SNRPN gene, indicating that the IC has a bipartite structure T.Ohta and R.D.Nicholls, unpublished data). proximal to the SNRPN gene which is referred to as the imprinting centre, or IC (Buiting et al., 1995; Dittrich et al., 1996; Saitoh et al., 1996; .
The IC is located from the D15S63 locus to the SNRPN gene, as defined by the small microdeletions which have been found in several PWS and AS patients (see Figure 4 ; Buiting et al., 1995; Saitoh et al., 1996) , and by a novel transcript originating within the IC which has been implicated in IC function (Dittrich et al., 1996) . These microdeletions result in the classical phenotype as observed in the 4 Mb 15q11-q13 deletion and chromosome 15 UPD patients (Saitoh et al., 1997) . IC deletions have been shown to be inherited and transmitted silently from the paternal grandmother in PWS families and from the maternal grandfather in AS families Buiting et al., 1995; Saitoh et al., 1996) . Therefore, we have hypothesized that these IC microdeletions do not directly cause the phenotype, but result in failure to reset the imprint of chromosome 15 according to the parentof-origin during gametogenesis ( Figure 5 ; Buiting et al., 1995; Saitoh et al., 1996) .
Based on uniparental DNA methylation in affected individuals, these microdeletions result in the paternally inherited chromosome having a maternal epigenotype leading to the PWS phenotype and the maternally inherited chromosome having a paternal epigenotype causing the AS phenotype. The unaffected father cannot switch the grandmaternal epigenotype P ϭ paternal; M ϭ maternal; M(P) ϭ maternally inherited chromosome with paternal epigenotype; P(M) ϭ paternally during spermatogenesis, resulting in inheritance of a maternal inherited chromosome with maternal epigenotype; E ϭ expression epigenotype from both parents ( Figure 5 ). Thus, PWS at the locus on the indicated allele; R ϭ repression at the locus on imprinting mutation patients do not express five genes or the indicated allele ; see text for details). Note transcripts (ZNF127, SNRPN, PAR5, IPW, and PAR1) over a that expression on the maternal allele and repression on the paternal 1.5 Mb domain, consistent with a maternal epigenotype.
allele is postulated for the AS gene, and may be confined to certain tissues.
Conversely, AS imprinting mutation patients express at least product of the H19 gene may function as an RNA. Mol. Cell. Biol., 10, SNRPN and IPW biparentally, consistent with a homozygous 28-36. paternal epigenotype . ZNF127, PAR1 and Brockdorff, N., Ashworth, A., Kay, G.F. et al. (1992) The product of the PAR5 are probably also biparentally expressed in these patients, mouse Xist gene is a 15 kb inactive X-specific transcript containing no conserved ORF and located in the nucleus. Cell, 71, 515-526. but have not yet been tested. The latter would also be expected Brown, C.J., Hendrich, B.D., Rupert, J.L. et al. (1992) The human XIST gene:
to result in the loss of expression of the putative maternalanalysis of 17 kb inactive X-specific RNA that contains conserved repeats only-expressing AS gene.
and is highly localized within the nucleus. Cell, 71, 527-542. Buiting, K., Saitoh, S., Gross, S. et al. (1995) Inherited microdeletions in the Angelman and Prader-Willi syndromes define an imprinting centre on human chromosome 15. Nat. Genet., 9, 395-400.
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